ABSTRACT: Caffeine and other methyl xanthines are widely used in the neonatal period. A recent, randomized, placebo-controlled, multicenter trial found that infants who were randomly assigned to caffeine treatment had less need for pharmacologic and/or surgical closure of a patent ductus arteriosus (PDA). We hypothesized that the decreased need for pharmacologic and surgical closure of the PDA after caffeine treatment might be due to a direct effect of caffeine on ductus contractility. We examined preterm fetal lamb ductus arteriosus (from 24 fetuses, 105 Ϯ 4 d of gestation, term ϭ 147 d), in vitro to determine the direct effects of caffeine on the isometric tension of the ductus arteriosus. Caffeine (0.003-0.3 mM) had no direct effect on ductus arteriosus tension, nor did it affect the contractile response of the ductus arteriosus to increasing oxygen concentrations. Caffeine's lack of effect was observed in both the presence and absence of indomethacin and N g -nitro-L-arginine methyl ester (L-NAME) (inhibitors of prostaglandin and nitric oxide production). In conclusion, we found no evidence of a direct effect of therapeutic caffeine concentrations on ductus contractility. ) (1-10), in vivo studies suggest that postnatal constriction is primarily determined by a shift in the balance between oxygen (a ductus constrictor) and prostaglandins and nitric oxide (ductus dilators) (11, 12) . Alterations in antenatal glucocorticoid concentrations and postnatal pulmonary vascular resistance also play roles in in vivo ductus constriction (13, 14) .
ABSTRACT: Caffeine and other methyl xanthines are widely used in the neonatal period. A recent, randomized, placebo-controlled, multicenter trial found that infants who were randomly assigned to caffeine treatment had less need for pharmacologic and/or surgical closure of a patent ductus arteriosus (PDA). We hypothesized that the decreased need for pharmacologic and surgical closure of the PDA after caffeine treatment might be due to a direct effect of caffeine on ductus contractility. We examined preterm fetal lamb ductus arteriosus (from 24 fetuses, 105 Ϯ 4 d of gestation, term ϭ 147 d), in vitro to determine the direct effects of caffeine on the isometric tension of the ductus arteriosus. Caffeine (0.003-0.3 mM) had no direct effect on ductus arteriosus tension, nor did it affect the contractile response of the ductus arteriosus to increasing oxygen concentrations. Caffeine's lack of effect was observed in both the presence and absence of indomethacin and N g -nitro-L-arginine methyl ester (L-NAME) (inhibitors of prostaglandin and nitric oxide production). In conclusion, we found no evidence of a direct effect of therapeutic caffeine concentrations on ductus contractility. (Pediatr Res 62: 167-169, 2007) P remature infants have an increased incidence of PDA after birth. Although in vitro studies have shown that ductus arteriosus patency may be affected by local concentrations of oxygen, prostaglandins, nitric oxide, endothelin, cyclic adenosine monophosphate (cAMP), cyclic guanosine monophosphate, adenosine, and intracellular potassium and calcium ions (K ϩ and Ca 2ϩ ) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , in vivo studies suggest that postnatal constriction is primarily determined by a shift in the balance between oxygen (a ductus constrictor) and prostaglandins and nitric oxide (ductus dilators) (11, 12) . Alterations in antenatal glucocorticoid concentrations and postnatal pulmonary vascular resistance also play roles in in vivo ductus constriction (13, 14) .
Recently, a randomized, placebo-controlled, multicenter trial was performed to evaluate the effects of caffeine administration in preterm infants (15) . Infants were enrolled in the trial during the first 10 d after birth, and the primary goal of the study was to evaluate the long-term effects of caffeine on neurodevelopmental outcome. An unexpected finding of the study was that infants who were randomly assigned to caffeine treatment had less need for pharmacologic and/or surgical closure of a PDA.
Caffeine has been found to directly affect several of the signaling molecules that are involved in ductus constriction: it increases cAMP by inhibiting cyclic nucleotide phosphodiesterase (16) ; it releases Ca 2ϩ from the endoplasmic reticulum by binding to the ryanodine receptor (17) ; it inhibits both prostaglandin production (18) and activity (19) and inhibits adenosine activity by binding to its receptors (20) . At therapeutic concentrations, caffeine's effects appear to be due primarily to antagonism of the adenosine receptor (21) .
In this study, we hypothesized that the decreased need for pharmacologic and surgical closure of the PDA after caffeine treatment might be due to a direct effect of caffeine on ductus contractility. To examine this hypothesis, we studied the effects of caffeine on the isolated preterm fetal sheep ductus arteriosus.
METHODS
Preterm fetal lambs (mixed Western breed: 105 Ϯ 4 d of gestation, term ϭ 147) were delivered by cesarean section and anesthetized with ketamine HCl (30 mg/kg i.v.) before rapid exsanguination. These procedures were approved by the Committee on Animal Research at the University of California, San Francisco.
After dissection, the ductus arteriosus was divided into 1-mm thick rings that were placed into 10-mL organ baths in a dark room as described previously (22) . The rings were suspended between two stainless steel hooks at 38°C in a modified Krebs solution (in mM; 118 NaCl, 4.7 KCl, 2.5 CaCl 2 , 0.9 MgSO 4 , 1 KH 2 PO 4 , 11.1 glucose, 23 NaHCO 3 (pH 7.4)) and equilibrated with 5% CO 2 -15% O 2 -balance N 2 . An oxygen electrode (YSI Model 53 Biologic Oxygen Monitor, Yellow Springs, OH), placed in the 10-mL organ bath, measured oxygen concentrations. The bath solution was changed every 20 min. Isometric responses of circumferential tension were measured by Grass FT03C force transducers (Quincy, MA). Each of the rings was stretched to an initial length (4.9 Ϯ 0.2 mm) that resulted in a maximal contractile response to increases in oxygen tension (23) . After the rings reached a steady-state tension (approximately 100 -120 min), potassium (K ϩ )-Krebs solution (containing 100 mM KCl substituted for an equimolar amount of NaCl), equilibrated with 95% O 2 /5% CO 2 ), was used to measure the maximal contraction that could be developed by the ductus (maximal contraction). After returning the rings to the initial modified Krebs solution, equilibrated with 15% O 2 /5% CO 2 , the rings were exposed to one of several experimental protocols: (a) In some experiments, cumulative dose-response curves for caffeine (0.003-0.3 mM) were constructed in 15% O 2 /5% CO 2 . In some experiments, the maximal caffeine dose was increased to 20 mM. (b) In some experiments, a cumulative dose-response curve for caffeine was performed after the tissue had been equilibrated (1.5 h) with either indomethacin (0.005 mM) and/or N g -nitro-L-arginine methyl ester (L-NAME, 0.1 mM) [concentrations that cause maximal inhibition of prostaglandin and nitric oxide production in the ductus (9, 24) ]. (c) In some experiments, rings were sequentially exposed to an oxygen dose-response curve (2%, 6%, 15%, 30%, and 95% oxygen); after returning to 15% O 2 /5% CO 2 , the rings were treated with caffeine and then exposed to the same oxygen dose-response curve again. We have previously shown that ductus rings have the same sensitivity and contractile behavior to oxygen when exposed to repeated oxygen doseresponse curves (11) .
In all experiments, we allowed the tension in the rings to reach a new steady-state plateau after addition of a drug and before another concentration or experimental agent was added to the bath. Sodium nitroprusside (SNP, 0.1 mM) was added to each ring at the end of the experiment to determine its minimal tension.
The difference in tensions between any measured steady-state tension and the minimal tension produced by SNP was considered the net active tension. The difference in tensions between the maximal tension [produced by (K ϩ )-Krebs] and the minimal tension (with SNP) was treated as the maximal active tension capable of being developed by the rings.
Tensions are expressed as a percentage of the maximal active tension. Maximal active tensions were 16 Ϯ 4 g (n ϭ 10 fetuses) in rings exposed to indomethacin and L-NAME and 12 Ϯ 2 g (n ϭ 14 fetuses) in rings not exposed to indomethacin or L-NAME. After the experiment, the tissues were removed from the baths and blotted dry and their wet weights determined (29 Ϯ 7 mg, n ϭ 24 fetuses). Chemicals were from Sigma Chemical Co. (St. Louis, MO).
Statistical analyses. Statistical analyses of unpaired and paired data were performed by the appropriate t test and by analysis of variance. Scheffé's test was used for post hoc analysis. Values are expressed as mean Ϯ SD. Drug doses refer to their final molar concentration in the bath.
RESULTS
Because the primary determinant of ductus constriction in vivo is the balance between oxygen concentration and local production of prostaglandins and nitric oxide (11, 12) , we examined the direct effects of caffeine on ductus arteriosus contractility at different oxygen concentrations and at different rates of prostaglandin and nitric oxide production. As has been observed previously (11) , the preterm ductus developed increased tone when exposed to either increasing oxygen concentrations or to indomethacin and L-NAME ( Figs. 1 and 2) . In contrast, the preterm ductus was not affected by caffeine at concentrations that are normally achieved in vivo (Ͻ0.02 mM) (21) or at higher concentrations (up to 0.3 mM) (Fig. 1 ).
Caffeine's lack of effect was observed in both the presence and absence of indomethacin and L-NAME (Fig. 1) . Similarly, caffeine had no effect on the response of the ductus to increasing oxygen concentrations (Fig. 2) . At toxic concentrations of the drug [20 mM, where cyclic nucleotide breakdown is inhibited by inactivating phosphodiesterases (21)], caffeine caused a profound [73 Ϯ 7% (n ϭ 10)] reduction in active ductus tension. This was observed in both the presence and absence of indomethacin and L-NAME (data not shown).
DISCUSSION
Methyl xanthines, like caffeine, are widely used in the neonatal period to prevent apnea of prematurity. The recently reported randomized trial of Schmidt et al. (15) was primarily designed to evaluate the long-term effects of caffeine on neurodevelopmental outcome. During an analysis of secondary short-term outcomes, they found that infants in the caffeine group spent less time intubated, less time on continuous positive airway pressure, and less time in supplemental oxygen than infants in the placebo group. An unexpected finding of the study was that infants who were randomly assigned to caffeine treatment had less need for pharmacologic and/or surgical closure of a PDA.
We studied isolated rings of fetal lamb ductus arteriosus and found no evidence of a direct effect of therapeutic caffeine concentrations on ductus contractility, nor was there any effect of caffeine on the ductus' contractile response to graded increases in oxygen or to inhibition of endogenous prostaglandin and nitric oxide production. Vasomotor response of fetal ductus to caffeine. Ductus rings were precontracted with 15% oxygen: rings from five fetuses were studied in the presence of indomethacin (0.005 mM) and L-NAME (0.1 mM) (). Rings from seven fetuses were studied in the absence of indomethacin and L-NAME (e). Cumulative dose-response curves for caffeine (0.003-0.3 mM) were constructed. Net active tension is expressed as a percentage of the maximal active tension. The same findings were seen when ductus rings were exposed to either indomethacin alone (two fetuses) or L-NAME alone (two fetuses) (data not shown). Values are mean Ϯ SD. Vasomotor response of fetal ductus to caffeine and oxygen. Ductus rings were incubated in modified Krebs solution, equilibrated with 15% O 2 /5% CO 2 , containing either (a) indomethacin (0.005 mM) plus L-NAME (0.1 mM) (rings from five fetuses) or (b) no inhibitors (rings from seven fetuses). The rings were first sequentially exposed to 2%, 6%, 15%, 30%, and 95%, oxygen. Following the oxygen dose-response curve, the rings were returned to the initial bath conditions [either (a) with indomethacin plus L-NAME or (b) without indomethacin plus L-NAME). They were then incubated with caffeine (0.1 mM) before another oxygen dose-response curve was performed. Values represent net active tension expressed as a percentage of the maximal active tension. Net active tension, at each oxygen concentration, was compared before and after caffeine exposure. Indomethacin ϩ L-NAME ϩ caffeine (); indomethacin ϩ L-NAME (); caffeine only (e); no additions (OE).
CLYMAN AND ROMAN
It is unlikely that the difference between our in vitro findings and the in vivo findings of Schmidt et al. is due to species differences; the ovine ductus does express adenosine receptors (Chandrasekar et al., Pediatric Academic Societies Meeting, May 1-4, 2004, San Francisco, CA, abstract no. 549) and is relaxed by exogenous adenosine (10,22) (Clyman, unpublished observations). It is also unlikely that the decreased need for PDA treatment in vivo is due to an increase in pulmonary vascular resistance (with a subsequent decrease in ductus shunting); although caffeine contracts the pulmonary vessels at very high concentrations (25) , it relaxes them at concentrations that are more likely to be achieved in vivo (21, 26) .
The discrepancy between our in vitro findings and reported in vivo findings may be due to one of several factors: In vivo, the ductus is exposed to shear stresses that were not considered in our in vitro model; caffeine might interact with shearrelated signaling (27) . Caffeine may also act at some site distant from the ductus, altering the production of circulating substances that might affect ductus contractility. It is also possible that, rather than having an effect on ductus contractility; caffeine's ability to decrease the infant's need for positive pressure ventilation may make neonatologists less concerned about the persistence of a PDA shunt and less aggressive in its treatment (Clyman and Soll, unpublished observations).
